Abstract. Spin polarized and spin averaged extended x-ray absorption fine structure ((M)EXAFS) data were measured at temperatures of 180 K and 296 K in the soft x-ray energy regime of the overlapping L-edges of an iron film grown on V(110). The absorption coefficients were analyzed with the Bayes-Turchin procedure. The analysis yields the correction function to the atomic-like background-absorption coefficient calculated by FEFF8 and reveals components of atomic EXAFS oscillations. The EXAFS Debye-Waller (DW) parameters were determined. Their split into a thermal and a structural contribution was not possible without theoretical input since the two temperatures in this experiment were not sufficiently far apart from each other and the k range of the data was too small. The a priori values of the thermal contribution to the DW parameters were therefore derived from a force-field model with two spring constants. They were adjusted to DW parameters calculated from Born-von Karman force constants which had been obtained from inelastic neutron scattering. Those two spring constants also nicely reproduce the unprojected vibrational density of states deduced from phonon dispersion curves. The MEXAFS oscillations can be described by the rigid-band model and the L 2 -and L 3 -EXAFS components. A negative exchange-related energy is obtained by fitting the MEXAFS signal in the extended energy region. This is in contrast to the predictions of the Hedin-Lundquist functional and the Dirac-Hara functional used in the FEFF8 code.
INTRODUCTION
The availability of high intensity circular polarized photons enables the investigation of magnetic EXAFS (MEXAFS) which is defined as the difference of the absorption coefficients measured for right and left circular polarized x-rays. In the edge region the magnetic circular dichroism effect is caused by the difference of the density of states for spin-up and spindown electrons in the valence band, whereas in the extended energy region where all states are unoccupied and equally available for transitions, the dichroic signal is due to the spin-orbit splitting of the initial and/or final states and the spin dependence of the exchange-correlation potential. Though the MEXAFS signal is very small, it provides a unique test of excited-state exchange-correlation potentials 1 . Using the rigid-band model MEXAFS can be described by the difference of two spin averaged EXAFS spectra shifted by an exchange-related energy 2 . This energy represents an estimate of the exchange splitting between spin-up and spin-down bands. We tested this rigid-band model approach for the overlapping L-edges of iron using the BayesTurchin analysis procedure 3 to extract the L 2 -and L 3 -components from the measured EXAFS spectra.
EXPERIMENTAL DETAILS
An epitaxial Fe film of thickness ≈ 60 Å was grown under UHV conditions on the surface of a V(110) crystal that had been cleaned by sputtering and annealing cycles This sample-substrate combination yields an iron film with bcc-crystal structure, and an easy axis of the magnetization direction parallel to the film plane.
The measurements were performed at the elliptical undulator beamline UE46-PGM at BESSY using the fifth harmonic of circularly polarized light, the 1200 l/mm blazed grating and an exit slit width of 100 μm, resulting in an energy resolution of ΔE/E≈0.1%. The undulator gap scan technique was used to preserve brightness and a circular polarization of 90% over the whole energy scan.
The (M)EXAFS data were taken at two sample temperatures of 180 K and 296 K. Both measurements were carried out in remanence within the energy range of 690-1160 eV using x-rays with positive helicity and switching the magnetization direction of the sample relative to the beam direction at each energy step. A pulsed external field of 350 Oerstedt has been applied to magnetize the Fe film along its easy axis parallel to the surface plane. The angle between the incoming beam direction and the surface plane was 20° and at each energy point the absorption coefficients μ + and μ -were measured, that correspond to parallel and antiparallel orientation of the photon helicity with respect to the magnetization vector. The spin-averaged absorption coefficient is obtained by μ=(μ 
BAYES-TURCHIN EXAFS DATA ANALYSIS
The Bayes-Turchin approach 3 is used to solve the inverse problem, i.e. to extract EXAFS parameters from measured absorption coefficients. This approach takes into account experimental uncertainties as well as model uncertainties and includes the determination of the atomic-like background absorption. The additional information needed to solve the inverse problem is taken from inelastic neutron scattering and from FEFF8 calculations using the complex energydependent Hedin-Lundqvist (HL) functional and the spin and energy dependent Dirac-Hara functional with HL imaginary potential (DH-HL).
As described in Ref. [3] the measured absorption coefficient μ is normalized to the atomic-like background component μ 0 calculated by FEFF resulting in the smooth detector efficiency function A(k). μ is written as sum of the three L s -edge components (s=1,2,3):
Introducing shifted wave vectors for the L 1 and L 2 edges which are based on spin-orbit split energies given by FEFF, the energy dependence of μ can be expressed by the wave vector k which refers to the L 3 -edge energy E 0 . To allow deviations of μ 0,Ls from FEFF predictions, the correction functions δμ 0,Ls are introduced and described by cubic spline functions. The EXAFS functions χ Ls for each edge L s are written in terms of the well known multiple-path expansion. They are described by edge-dependent parameters, like the overall amplitude correction factors S 0 2 (L s ), the edge energies E 0 (L s ), the effective mean free paths λ(L s ), the scattering amplitudes f j (L s ) and scattering phases φ j (L s ) for each path j, and edge-independent parameters, like the half-path length R j , the third cumulants C 3,j , and the EXAFS Debye-Waller (DW) parameters σ 2 j . The DW parameters were separated into independent contributions of structural-disorder components σ 2 struct,j and thermal-disorder components σ 2 therm,j . The thermal-disorder components were determined by a force-field model 3 and the structuraldisorder components were assumed to be isotropic and proportional to the number of atoms in the scattering path. A two-parameter force-field model was used with the spring constants κ 1 and κ 2 corresponding to the nearest neighbor and next-nearest neighbor bonds. Their a priori values were adjusted to EXAFS DW parameters calculated from Born-von Karman force constants which had been obtained from inelastic neutron scattering. 4 For practical reasons the number of model parameters is reduced further in the fit by the following assumptions: A) The same correction function δμ 0 (k p ) (11 support points k=k p ) is determined for all three L-edges. B) All three amplitude reduction factors were set to S 0 2 (L s )=0.9. C) The first 10 single scattering (SS) half-path lengths R j were determined starting from perfect bcc-crystal symmetry with crystal parameter a=2.8665 Å. All multiple scattering (MS) half-path lengths with R j ≤8 Å and a relative amplitude of A rel ≥4% were adjusted using the relation between SS and MS paths given by FEFF. These conditions resulted in 97 different scattering paths. D) All third cumulants C 3,j were assumed to be zero, except C 3,1 which was included in the fit.
The uncertainties of the experimental data points were assumed to be 0.6% of μ except in the L 1 edge region 5.9 Å -1 ≤k≤6.6 Å -1 , where the failure of the multiple-scattering path approach requires to attribute very low weights to those data points. We further assumed L-edge independent model uncertainties for f j , φ j , and λ of Δf j /f j =10%, Δφ j =0.1 rad, and Δλ/λ=15%, respectively. The uncertainties caused by the truncation 3 of the multiple scattering series have been taken into account for each edge separately.
The results of the data analysis for the atomic-like background oscillations and the SS half-path lengths are displayed in Figs. 1,2 . We observe slight differences between the results of the two functionals. Nevertheless, in all cases the atomic-like background oscillations are enhanced compared to the FEFF predictions and the shifts of R 2 and R 3 in opposite directions indicate that the relation R 3 =R 2 √2 of the ideal bcc-crystal structure is broken due to lattice distortions (see Fig. 2 ). These distortions are further 
MEXAFS SPECTRA
As shown in Ref. [1] for the special case of polycrystalline materials and spherical symmetry of the scattering potential, the MEXAFS signal is related to the absorption coefficients corresponding to spin-up and spin-down electrons, μ M = C jl (μ ↑ -μ ↓ ), where C jl is a spin factor. Within the rigid-band (RB) model the spin-dependent coefficients can be expressed as spinaveraged coefficients being shifted in energy by an exchange-related energy ΔE.
